Single-molecule imaging is an ideal technology to study molecular mechanisms of biological reactions in vitro. Recently, this technology has been extended to real-time observation of fluorescent dye-labeled molecules in living cells. Total internal reflection fluorescence microscopy is the major technique for this purpose. Using this technique, we have studied the process of early signal transduction of epidermal growth factor (EGF) in single molecules: binding of EGF to its receptor (EGFR) on the cell surface, dimerization of EGFR induced by binding of EGF, fluctuation of the structure of EGFR clusters, activation of EGFR through tyrosine phosphorylations on its cytoplasmic domain, and recognition of activated EGFR by a cytoplasmic adaptor protein, Grb2. EGF induces intracellular calcium response, sometimes caused by less than one hundred EGF molecules. Single-molecule studies suggested that this highly sensitive response to EGF was due to the amplification of the EGFR signal using dynamic clustering, reorganization of the dimers, and lateral mobility of EGFR on the cell surface. Through these studies, single-molecule analysis has proven to be a powerful technology to analyze intracellular protein systems.
Introduction
Single-molecule analysis has proven to be a powerful tool for the study of purified proteins in vitro (1 -3) . Single-molecule studies are not obscured by the ensemble-averaging inherent in conventional biochemical experiments. Direct observation of the dynamics and reactions of individual proteins gives us clear information about the molecular mechanisms of biological events. Recently, this technology has been extended to studies using living cells (4, 5) making it possible to quantify the dynamic and kinetic parameters of single molecule reactions in vivo.
Every protein in living cells works as part of a mole-cular network. As the components of these molecular networks and their construction are rapidly uncovered, one of the next objectives of cell biology is to quantitatively analyze the dynamic and kinetic parameters of the unitary processes of the networks and to understand how these unitary processes are integrated into the higher-order functions of networks. Single-molecule analysis in living cells will prove to be useful for this purpose since it provides several important advantages:
(1) Single-molecule technique has the ultimate level of sensitivity and position detectability to observe reactions in cells. (2) Single-molecule measurements do not need synchronization of the reaction. This is a large advantage for the measurement of kinetic parameters of the intermediate steps of reaction networks. (3) Single-molecule measurements give information about the fluctuations and distributions of the dynamic and kinetic parameters.
Considering the local heterogeneity of the structure and environment of living cells, the fluctuation and distribution of reactions are important to understand the mechanisms of cellular events. (4) Single-molecule analysis is a superior technique that allows quantification of the relationship between inputs and outputs of single events of protein reactions. These advantages of the single-molecule technique have already been successfully applied to the studies of various cellular events (6 -11) .
We are using single-molecule techniques in the studies of cellular response to a small peptide hormone, epidermal growth factor (EGF). In this review article, we will illustrate how single fluorescent molecules can be visualized in living cells and recent findings about the reactions of EGF receptor (EGFR) analyzed in single molecules.
Visualizing single molecules in living cells
Total internal reflection fluorescence microscopy (TIR-FM) is one of the techniques widely used for single molecule detection both in vitro and in vivo (2, 5) . When a light beam illuminates the meniscus of two media obliquely from a high to a low diffractive index with an incident angle greater than the critical angle of total internal reflection, an evanescent electromagnetic field rises from the interface into the medium with the lower diffractive index (12) . The decay length of the evanescent field along the depth of the field, which is dependent on the incident angle, is typically one hundred to several hundred nanometers. Using the evanescent field for excitation, the excitation depth of a fluorescence microscope can be limited to a vary narrow range. This is one of the most effective ways to reduce background of fluorescence microscopy to achieve single-molecule imaging (13) . This type of microscopy is called TIR-FM. Various configurations are possible for TIR-FM (12) . The setup of an "objective-type" TIR-FM (14) , in which the excitation laser beam illuminates the specimen through the objective lens, is shown in Fig. 1A . As well as TIR-FM, conventional epifluores- cence microscopy using a laser for excitation can also be used to visualize single fluorescent molecules in living cells (7) .
Single-molecule imaging of EGF on the surface of living cells
A TIR-FM image of single molecules of EGF conjugated with a fluorophore Cy3 (Cy3-EGF) was visualized on the surface of living A431 cells ( Fig. 1B) . EGF is a small peptide hormone that induces cell proliferation.
Since mouse EGF has only one reactive amino residue (at the amino terminus), it can be labeled with aminoreactive dyes with a dye / protein ratio of exactly 1 to 1. Binding of Cy3-EGF to the cell surface was completely inhibited by adding an excess amount of non-labeled EGF simultaneously with Cy3-EGF, indicating specific binding of Cy3-EGF to cell surface EGFR.
Changes of the fluorescence intensity from each spot were measured over time. Constant fluorescent intensity followed by single-step photobleaching was strong evidence of single-molecule detection (Fig. 1C ). Singlemolecule detection was also confirmed by the quantum nature of the intensity distribution of fluorescent spots (Fig. 1D) . A monoclonal anti-EGFR antibody (EGFR1) was conjugated with Cy3 (Cy3-EGFR1) and bound to cells in the same manner as Cy3-EGF, and the intensity distributions of the fluorescent spots were examined. Since EGFR1 can be labeled with multiple Cy3 molecules, the intensity distribution of Cy3-EGFR1 spots on the cell surface could be fitted to the sum of 2 or 3 Gaussian distribution functions. The results after fitting are consistent with Poisson distributions of the number of Cy3 to EGFR1, assuming the first, the second and the third components represent EGFR1 conjugated with one, two, and three Cy3 molecules, respectively. Using the same method, the fluorescence intensity distribution of Cy3-EGF on the cell surface was fitted to the sum of two Gaussian functions. The mean of the intensity distribution of the first component of Cy3-EGF was the same as that for Cy3-EGFR1, suggesting that this component represents single molecules of Cy3-EGF (6).
Using similar techniques, we have observed singlemolecules of nerve growth factor and cAMP, which were both conjugated with chemical fluorophores, Ras and Rho family small G-proteins and a serine/ threonine kinase Raf1, which were tagged with green fluorescent proteins (GFP) in living cells (8, 15) .
Single-molecule visualization of the dimerization processes of EGFR
Binding of EGF induces dimerization of EGFR, which in turn promotes tyrosine phosphorylation in the cytoplasmic domain of EGFR. Once phosphorylated on the tyrosine residues, EGFR is recognized by many cytoplasmic proteins containing SH2 or PTB domains. These are the early steps in signal transduction of EGF (16, 17) .
The process of EGFR dimerization has been visualized for single molecules of EGF / EGFR complexes (6) . Cy3-EGF in solution could not be observed as fluorescent spots because of rapid Brownian movement. In addition, binding of Cy3-EGF on the cell surface was specific for EGFR ( Fig. 1B) . Thus the appearance of the fluorescent spots of Cy3-EGF on the cell surface means the formation of an EGF / EGFR complex. The binding ratio of EGF and EGFR is known to be 1:1. Therefore, dimerization of the EGF / EGFR complex can be detected as the formation of fluorescent spots that have twice the brightness of single Cy3-EGF spots. Two types of dimer formation have been visualized. In a few cases (10%), two fluorescent spots diffusing laterally along the plasma membrane collided and then moved together. However, in the majority of cases (90%), the fluorescence intensity of a spot increased suddenly by a factor of approximately two and then photobleached in two steps ( Fig. 2A ). This latter case is probably caused by the direct binding of EGF molecules in solution to an EGF-free EGFR located next to an EGF-bound EGFR, suggesting that dimers (or larger oligomers) of EGFR had been preformed. Other studies also suggest predimerization or preclustering of EGFR (18, 19) .
Fluctuation of the EGFR dimers
Single-pair fluorescence resonance energy transfer (spFRET) (1, 20) has been used to examine dynamic conformational fluctuations of the dimers of EGF / EGFR complexes (6) . A mixture of Cy3-EGF and Cy5-EGF was added to the cells. Exciting Cy3 with a 532-nm laser, fluorescence images at 580 nm (Cy3) and 670 nm (Cy5) were acquired simultaneously using dual-view optics. Anti-correlation of the fluorescence intensity changes of the same spot at the Cy3 and Cy5 channel have been visualized, indicating the occurrence of FRET (Fig. 2B) . In some cases, the efficiency of FRET fluctuated with time, suggesting conformational fluctuations of the dimers in a time scale of seconds. It is highly likely that this dynamic fluctuation of the complexes was related to the reorganization of the dimers of EGF / EGFR complexes as proposed from biochemical studies (21) .
Single-molecule detection of the activation of EGFR
The relationship between EGF binding and receptor activation was analyzed for each binding site of EGF. For this purpose, conformational change of the cytoplasmic domain of EGFR after tyrosine phosphorylation was detected using a specific monoclonal antibody (22) . The Fab' fragment of the antibody was labelled with a fluorophore Alexa488 (Alexa488-Fab'). To introduce Alexa488-Fab' into the cytoplasm, semi-intact cells perforated by streptolysin O (SLO) were used (6, 23) . After a pulse stimulation of the semi-intact cells with EGF conjugated with another fluorophore, tetramethyl rhodamine (Rh-EGF), the cells were equilibrated with Alexa488-Fab'. Then ATP was added to start the reaction.
Binding of Rh-EGF and Alexa488-Fab' to the plasma Fig. 3 . Activation and signal transduction processes of EGFR. A: A431 cells were perforated by streptolysin O (SLO) and stimulated by Rh-EGF. Activation of EGFR was detected using a Fab' fragment against activated EGFR. The Fab' fragment was conjugated with a fluorophore, Alexa488. Rh-EGF (red) and Alexa488-Fab' (green) were observed simultaneously in single molecules. Positions of activated EGFR at EGF-binding sites are indicated (arrowheads). B: Recognition between activated EGFR and an adaptor protein Grb2. EGFR in the basal plasma membrane was activated using Cy5-EGF. Association and dissociation of single molecules of Grb2 conjugated with Cy3 at the N-terminus was observed at the position of Cy5-EGF. The off and on times of individual events can be determined form the change of fluorescence intensity over time (8) .
membrane was simultaneously visualized in single molecules (Fig. 3A) . Superimposition of the images of Rh-EGF over the images of Alexa488-Fab' demonstrated that there were three categories of fluorescent spots: spots containing only EGF, both EGF and Fab', and only Fab'. The first category represents EGF / EGFR complexes that failed to be activated or stained by Fab'. The second was the site of receptor activation induced by binding of EGF. The third represents activated EGFR without binding of EGF. Dissociation of EGF from EGFR was not observed in this experiment (up to 30 min after addition of ATP). In addition, binding of Alexa488-Fab' was specific for the activation of EGFR since the binding was strongly dependent on the presence of ATP and no binding was seen on the membrane of cells known to be EGFR-null. Therefore, the presence of the third category indicates an indirect mechanisms of EGFR activation in the cells stimulated with EGF. Activation of EGFR is believed to start in 2:2 complexes between EGF and EGFR. It is possible, however, that EGFR molecules activated in 2:2 complexes exchanged the dimerization pair to activate other unliganded EGFR. Once activated, unliganded EGFR may be able to activate other unliganded molecules. Reorganization of dimers is thought to be the mechanism of heterodimerization between EGFR families (21) . Structural fluctuation of EGFR dimer (Fig. 2B ) and lateral mobility of EGFR along the plasma membrane seems to be important for this process. Propagation of EGF signals (24) most likely uses this process.
Recognition between activated EGFR and Grb2
A similar technique can be used to detect recognition between EGFR and cytoplasmic proteins. Grb2 is one of the cytoplasmic SH2 proteins that recognize activated EGFR. Grb2 works as an adapter protein to combine activated EGFR and mSos1, a guanine nucleotide exchange protein of a small G-protein Ras (16) . Grb2 recognizes EGFR directly or indirectly mediated by Shc. The kinetic parameters of association and dissociation reactions between Grb2 and EGFR have not been revealed in conditions where the structure of the biomembrane remains.
To observe the recognition between EGFR and Grb2 on the plasma membrane, the basal membrane of cells was prepared using the lysis squirting method. Recombinant Grb2 was purified and conjugated with Cy3 at the N-terminus (Cy3-Grb2). Gy5-EGF, Cy3-Grb2, and ATP were added to the basal membrane fraction under a TIR-FM. At the same position of EGF-binding, repeated attachments and detachments of Cy3-Grb2 were observed in single molecules (Fig. 3B ). Statistical analysis of off times and on times between EGFR and Grb2 will provide the dissociation and association rate constants, respectively. Determination of these rate constants gives important information for understanding the mechanism of EGF signaling.
Intracellular calcium response induced by EGF
EGF induces several global responses to change properties of cells such as reorganization of the cytoskeleton, cell movements, or new gene expression. Elevation of intracellular Ca 2+ concentration is one of these cellular responses at the early stage of EGF signaling. Activation of EGFR in turn activates a cytoplasmic enzyme, PLCg, to produce IP 3 from membrane lipids. IP 3 is the second messenger that induces calcium release from the endoplasmic reticulum.
A pulse of Rh-EGF was added to HeLa cells to visualize binding of EGF and to induce the calcium response ( Fig. 4) . Changes of the intracellular calcium concentration were monitored using a fluorescent calcium indicator Fluo-4. Binding of Rh-EGF was observed in single-molecules over the entire surface of the cells by focusing up and down (5) . The number of EGF molecules bound on each cell was counted and the elevation of the Ca 2+ concentration in the same cells was measured. Surprisingly, most cells respond to the binding of only a few hundred EGF molecules, even though HeLa cells are known to express several ten thousand EGFR molecules. Amplification and propagation mechanisms of the activation of EGFR (Fig. 3A ) may be responsible for this remarkably high sensitivity.
Conclusion
Development of single-molecule techniques in living cells has allowed the visualization of the location and movements of molecules and the counting of these molecules. Reactions and activation of cell signaling molecules were detected. The single-molecule technique is being applied to the analysis of the early signal transduction processes of EGF. The results are revealing that EGF signaling depends on dynamic organization of membrane receptors. The dynamics of EGFR are likely to be indispensable for highly sensitive calcium response of EGF-stimulated cells. Kinetic parameters of proteinprotein recognition, which has been difficult to assess using conventional biochemistry, can be obtained using the single-molecule technique. Thus, the single-molecule technique will be useful for studying the molecular mechanisms regulating signal transduction processes.
